Abstract
Introduction

1
Dramatic shift in protein localization can be induced by post-translational modifications at 2 localization sequences. In the case of K-Ras4b, the localization sequence is found in the C-3 terminus where the combination of polybasic residues and the -CAAX motif (where C is cysteine, 4 A is aliphatic residue, and X is any residue) targets the protein to the plasma membrane. CAAX motif serves as a signal for enzymatic processing (involving farnesyltransferase, converting enzyme I, and isoprenylcysteine carboxyl methyltransferase) that leads to the 7 attachment of a farnesyl group [1] [2] [3] . As farnesylation alone is not sufficient for plasma membrane 8 targeting, many plasma-membrane-targeted farnesylated proteins including K-Ras4b also 9 require the presence of a cluster of positively charged residues near the -CAAX motif [4] [5] [6] [7] [8] [9] . 10 Studies have shown that Protein Kinase C phosphorylation of serine-181 leads to a disruption of 11 K-Ras4b's localization at the plasma membrane 10,11 . Schmick, et al. has shown that the 12 electrostatic interaction between the positively charged residues in the protein and the 13 negatively charged lipids in the plasma membrane is responsible for biasing the trafficking of K-14 Ras4b to the plasma membrane 12 . Phosphorylation in this region removes this bias by disrupting 15 the favorable electrostatic interaction (Fig. 1A) , a mechanism known as the farnesyl-electrostatic 16 switch. 17 Characterizing the farnesyl-electrostatic switch mechanism has technical limitations, as changing 18 the positively charged residues of the C-terminus of K-Ras4b directly affects its phosphorylability. 19 We have overcome this limitation by designing a farnesyl-electrostatic switch using a known 20 substrate sequence of Protein Kinase A (PKA). Unlike Protein Kinase C which requires a cluster of 21 positively charged residues for substrate recognition 13 , PKA requires only two arginines 14,15 . This 22 allowed us to modulate the positive charge content of the switch in a substantial manner, while 23 preserving phosphorylability, allowing us to explore parameters of the farnesyl-electrostatic 24 switch that was previously not possible.
25
Results
1
Current understanding suggests that the farnesyl-electrostatic switch can be distilled into the 2 following three basic components (Fig. 1B) : 1) series of positively charged-residues that will 3 electrostatically interact with negatively charged lipids in the plasma membrane, 2) 4 phosphorylation sites that will change positive charge content to regulate signaling, and 3) -CAAX 5 motif that will serve as a recognition sequence for farnesylation. In this study, we utilize these 6 principles observed in the C-terminus of K-Ras4b to design a farnesyl-electrostatic switch that 7 responds to PKA activation. 8 In our design of the PKA farnesyl-electrostatic switch, we mimicked this general pattern that we 9 observed in K-Ras4b. We utilized a short PKA substrate sequence, Kemptide (LRRASLG), to serve 10 as a source of phosphoserine 14 . We flanked a single lysine with the two Kemptide sequences, 11 and a single leucine was removed from the second Kemptide sequence to maintain a consecutive 12 sequence of positively charged residues. We, then fused a farnesylation substrate recognition 13 sequence (TKCVIM), previously demonstrated to be sufficient for farnesyltransferase processing 14 16, 17 . This resulted in a peptide design (FES-PKA) that encompassed all the basic properties 15 observed in the C-terminus of K-Ras4b necessary for the switching functionality (Fig. 1B) . 16 We expressed FES-PKA fused to EYFP in HeLa cells and noticed an enrichment in the plasma 17 membrane. Upon activation of PKA with a cocktail of 50 μM forskolin (FSK) and 100 μM 3- Fig. 1E) , demonstrating the electrostatic switch mechanism of FES-PKA. 23 We explored the parameter space of this design to determine how different variables would 24 affect the FES-PKA's response and localization. We initially hypothesized that introducing more 25 phosphorylation sites to the peptide can increase the dynamic range of the FES-PKA's response 26 from PKA stimulation ( Fig. 2A) . To test this hypothesis, we generated a peptide with a single 27 phosphorylation site (monovalent) and a peptide with three phosphorylation sites (trivalent).
28
When co-transfected in cells, the monovalent peptide was largely localized in the intracellular 1 membranes, due to an insufficient positive charge content. The trivalent peptide was observed 2 in the nucleus in soluble form, as it appeared that the Ran machinery was being outcompeted by 3 the farnesyltransferase. Quantification showed minor response from the monovalent peptide 4 after PKA activation (Figs. 2B, 2C ). The trivalent peptide was not included in the quantification 5 due to the observed defects in localization. 6 We hypothesized that increasing the number of lysines flanked by the two phosphoserines will 7 lead to a diminished response from PKA activation due to the unfavorable positive-to-negative 8 charge ratio. We generated two additional peptides that contained three-lysine and five-lysine In our design, we identified two clusters of basic residues, labeled as PBR #1 and PBR #2 (Fig. 3C ).
16
Based on the observation that the two serines are flanking PBR #2, we hypothesized that PBR #2 17 would have a more prominent role as a plasma membrane targeting sequence than PBR #1. We 18 tested this hypothesis by mutating all the positively charged in PBR #1 and PBR #2 to alanines, 19 respectively. As the arginines in P-2 and P-3 position are necessary for substrate recognition by 20 PKA 15,18 , mutations of these residues to alanines disrupts the phosphorylability of the substrate.
21
For this reason, the serines were mutated to alanines in this experiment. Cells were co-22 transfected with the mutated FES-PKA and a non-phosphorylable, non-mutated FES-PKA. 23 Mutations in PBR #1 did not appear to disrupt the initial localization, while mutations in PBR #2 24 caused a substantial enrichment in the intracellular membranes (Fig. 3C ). Pearson's correlation 25 was calculated by comparing the unmutated peptide against the three variant peptides (Fig. 3D ). Corning, NY) morning of the following day. In the afternoon of the same day, cells were imaged by 10 transferring the coverslip to an Attofluor cell chamber (A7816, Invitrogen, Carlsbad, CA). 11
Image Acquisition
12
Images were acquired on an inverted microscope (IX81, Olympus, Tokyo, Japan) with a heated chamber 13 that maintained conditions of 37°C and 5% CO2 (WELS, Tokai-Hit, Fujinomiya, Japan 
Image Analysis
24
The signal at the intracellular membranes was quantified by co-expressing in cells an endomembrane 25 marker that consisted of a prenylation sequence with no basic residues. ImageJ (NIH, Bethseda, MD) was 26 used to track a 15x15 pixel (4.66 pixel = 1 μm) square region that contained the greatest average 27 fluorescence intensity of the endomembrane marker. For fluorescence quantification, the background 28 was subtracted, and the response of the signal was calculated by taking the ratio of signal with the average 29 of the pre-treatment signal at the region of interest determined with the endomembrane marker. For 30 FRET quantification, the background was subtracted, and the YFP emission signal was divided by the CFP 31 emission signal. The reported response is this quantity normalized by the average of the pre-treatment 32 signal for the whole cell. 33
Colocalization Analysis
34
For colocalization analysis, the role of the two polybasic residues clusters were characterized by mutating 35 the positively charged residues to alanines, respectively. Cells were co-transfected with the mutated 36 peptide and an unmutated peptide, both unphosphorylable. The extent of the colocalization between the 37 two peptides was analyzed by first calculating a 20x20 pixel median filtered image for each channel and 38 respectively subtracting them from the original images. The two background-subtracted images were 39 correlated using Pearson's correlation. The average of these Pearson's correlation from 30 cells is shown 1 in Fig. 3D . 2 PKA. In the notation S-S, the first letter represents whether the first phosphorylation site is mutated, and 37 the second serine represents whether the second phosphorylation site is mutated. 
Statistical Analysis
